Abstract
Introduction

Silicon-on-insulator (SO1) structures implanted with 200 or 400 keV N ÷ ions at a dose of
.5×1017cm 2 were studied by spectroscopic ellipsometry (SE) . The SE measurements were carried out in the 300-700 nm wavelength (4.13-1.78 
eV photon energy) range. The SE data were analysed by the conventional method of using appropriate optical models" and linear regression analysis. We applied a seven-layer model (a surface oxide layer, a thick silicon layer, upper two inter-]'ace layers, a thick nitride layer and lower two interface layers) with good results. The fitted parameters were the layer thicknesses and compositions. The results' were compared with data obtained from Rutherford backscattering spectroscopy (RBS) and transmission electron microscopy. The sensitivity of our optical model and fitting technique was good enough to distinguish between the silicon-rich transition layers near the upper and lower interfaces" of the nitride layer, which are unresolvable in RBS measurements.
*Paper presented at the Symposium on Deep Implants: Fundamentals and Applications at the E-MRS Spring Meeting, Strasbourg, May 31 - June 2, 1988. High dose implantation of reactive ions, such as oxygen, nitrogen or both, into silicon wafers has been successfully used to synthesize silicon-oninsulator (SOI) structures suitable for very-largescale integration and radiation hard applications [1, 2] . The advantages of SOI devices have been noted by many investigators [3] [4] [5] . Parameters affecting the SOI microstructures have been extensively studied by Rutherford backscattering spectroscopy (RBS), transmission electron microscopy (TEM) imaging, secondary ion mass spectrometry and Auger electron spectroscopy [6] [7] [8] [9] [10] . Quite recently, spectroscopic ellipsometry (SE) has been used with success in the investigation of oxygen-implanted SOI [11, 12] . However, nitrogen-implanted SOI is more difficult, because of the stronger dependence of the microstructure on implantation dose.
In this paper, we report the results of the characterization of SOI structures formed by a buried Si3N 4 layer. It is worth noting that the investigated samples are probably not the best for technological use. The emphasis in this paper is placed on the characterization method which may be the tool for future optimization experiments.
In a previous paper [13] , we applied multipleangle-of-incidence (single-wavelength) ellipso-metry (MALE) to determine the refractive indices and thicknesses of the same SOl layers using a relatively simple three-layer optical model. The results reported in that paper are shown together with the present results in Tables 3 and 4 .
Experimental details
Nitrogen ions were implanted at 200 keV (sample 1) and 400 keV (sample 2) into (100) p-type (12 f~ cm) single-crystal silicon using the 500 keV ion implanter at the Central Research Institute for Physics, Budapest. The samples were given a dose of 7.5x1017N + cm -2 with a current density of 2 #A cm "-on a 2 cm x 2 cm surface. External target heating during implantation was applied at 600 °C. Post-implantation annealing was performed at t 300 °C for 2 h in argon for sample 1 and at 1200 °C for 2 h in N~ for sample 2. The silicon surface was covered with another piece of silicon in order to protect the sample surface from oxidation during high temperature annealing (face-to-face arrangement).
RBS combined with channelling was performed with 2 MeV He + ions at a scattering angle of 165 ° .
The SE measurements were performed on a rotating analyser ellipsometer in the 300-700 nm wavelength (4.13-1.78 eV photon energy) region at the Twente Technical University [14] .
The cross-sectional TEM investigation was made at the University of Oxford.
Model variables
Data were analysed using a FORTRAN program which calculates tan ~, and cos A values for an assumed input optical model of the sample and then minimizes the mean-square difference between measured and calculated tan V~ and cos A values by varying the designated model parameters according to the Fletcher-Powell [ 15] algorithm. With reference to the work of Aspnes et al. [ 16] , the quantity used to describe the agreement between the experimental data and the modelling process is defined as the unbiased estimator a. For the analysis of the samples the following expression was used:
where n is the number of experimental measurements and p is the number of unknown mOdel parameters. The superscripts exp and catc refer to the experimental and calculated values respectively.
We used three basic models ( (Fig. l(b) ) and the third (Fig. l(c) ) models are enhanced with two and four additional interface layers respectively. Each layer is modelled using the Bruggeman effectivemedium model with two end-member complex dielectric functions (or complex refractive index functions) of crystalline silicon (c-Si) [17] or SiO~ i18] or SigN 4 [19] . These functions are not necessarily the most appropriate for describing these layers but are the best obtainable from literature. However, they are good starting points. Each layer is described by the volume fractions of the constituents. If the volume fraction is less than zero or greater than unity, this means that the actual refractive index of the layer is less or greater than the basic value of unity.
During the fitting process, not all the parameters were varied. Firstly, we investigated only the surface layer considering only the 300-400 nm wavelength region. After having 133 fitted the parameters (the thickness and volume fraction) of the surface layer, we fitted the other parameters using the whole wavelength region, but now having fixed the parameters of the surface. The imaginary part of the complex refractive index of single-crystal silicon (which is proportional to the light absorption) is greater than 0.4 in this (high photon energy) region, meaning that the optical penetration depth is less than 0.2 #m. This is supported by the presented simulations (Fig. 2) . There is no difference in the curves up to 400 nm.
The rapidly changing interference pattern is due to the silicon layer which is sandwiched between the surface film and the buried nitride layer. The structure of this pattern (the number and places of the oscillations, and the amplitudes) is very sensitive to the thicknesses.
In c-Si the optical penetration depth of light depends on its wavelength. In general, the higher the wavelength, the deeper is the penetration. In other words the measurements at longer wavelengths contain more information in the buried layer. This fact is shown in Fig. 2(b) . if the thickness of the buried nitride layer is changed by 20 nm, there is a great variation mainly above 500 nm, the difference increasing with increasing wavelength.
The main problem was the choice of the initial parameters. We must make a good guess for the thicknesses as otherwise the program can "miss" or, in other words, can find a false minimum. We used computer simulations similar to that in Fig. 2. 
Results and discussion
The best fits are presented in Figs. 3 and 4 . The first model ( Fig. l(a) ) cannot satisfactorily describe the samples, although the tLficknesses can be determined with great precision. After having completed the models with interface layers (Figs. l(b) and lie) ., the fittings became increasingly better. The unbiased estimator o decreased by more than a magnitude. (We did not study the effect of more interface layers. More layers mean more paramelers--each additional layer gives two more parameters and thus in k creases the computing time. The most sophisticated model took more than 5 h on our IBM PC/AT computer and the time increased as the square of the number of parameters.)
The materials parameter~ which yielded the best-fit spectra to the experimental data are shown in Tables 1 Plot of cos A and tan ~p ws. wavelength of sample 2 fit(ed by the optical models in Fig. 1 . The volume fraction of the thick nitride layer is a very useful parameter. It can show the quality of the buried insulator layer. For sample 2 the implanted dose is obviously too small. This is because the peak concentration of the as-implanted nitrogen profile is lower than that for sample 1 because of the higher range straggling (higher implantation energy).
The results were compared with data from other independent measurements. In Figs. 5 and 6 the results from RBS and TEM are presented. We can conclude that the layer thickness data are in very good agreement (Tables 3 and 4) . Moreover, the TEM pictures show that the upper nitride-silicon interface is rougher and thicker than the lower interface. 
Conclusion
It was demonstrated that SE using linear regression analysis can give information not only about the thickness but also on the composition of each layer and interface of the SO1 structure formed by thermally activated redistribution of high dose ion-implanted nitrogen. The agreement between SE and other analytical techniques (RBS and cross-sectional TEM) is fairly good.
The advantages of SE over conventional ellipsometry originate from the fact that it utilizes the varying optical refraction and absorption with photon energy to obtain information about the multilayer system under investigation.
it is worthwhile emphasizing that the considerable sensitivity of SE to the interface properties, layer thicknesses and microstructure can give it an essential role in future optimization experiments.
